Reuse of residue hydrodesulfurization catalyst is very important, as a large volume of this catalyst is exchanged every year due to the high deactivation rate. However, stable regeneration of this catalyst is more difficult than for distillate HDS catalysts due to the more severe regeneration conditions and the presence of vanadium. Regeneration technologies of residue hydrodesulfurization catalyst are reviewed to assess the differences between regeneration of distillate HDS catalysts, mechanism of residue HDS catalyst regeneration, commercial regeneration, properties, structure, and activities of regenerated residue HDS catalyst, effect of vanadium and improvement of catalyst suitable for regeneration. The presence of vanadium accelerates both insufficient recovery of activity and reduced catalyst strength due to formation of NiMoO4 and Al2(SO4)3, respectively. However, removal of vanadium might be not essential. Vanadium acts indirectly as oxidative catalyst and increases the regeneration temperature and transformation of SOx into H2SO4. Therefore, milder regenerated conditions and control of the properties of used catalyst as well as improvement of catalyst may allow improved regeneration.
R&D History of HDS Catalyst
Natural petroleum resources, first exploited in the 19th century, have provided the cheap energy resources necessary for the recent unprecedented development in human society. It is no exaggeration to state that daily life depends completely on petroleum products. Petroleum is a mixture of hydrocarbons with many structures and molecular weights. In addition, petroleum contains many molecules incorporating heteroatoms such as sulfur, nitrogen and vanadium. The most common heteroatom-containing molecules are thiophene type compounds. Such sulfur-containing materials are indispensable in the fields of synthetic gum, agriculture and drugs, but also cause the most problems in the oil refining industry. In particular, the required level of desulfurization of petroleum products has been increasing gradually. Many methods have been developed for desulfurizing petroleum such as doctor treatment, copper sweetening and others. However, hydrodesulfurization (HDS) is the most effective and feasible method, because sulfur is removed as H2S just by contacting sulfur-containing compounds with catalyst under a hydrogen atmosphere. Hydrodesulfuri zation is the ultimate chaotic chemical reaction, as it is to obtain mixture (product) from mixture (feed) with using mixture (catalyst). Nevertheless, higher levels of hydrodesulfurization to above 99.95 % are now required for the diesel fraction.
Many types of HDS catalyst are now utilized in the oil industry depending on the feed properties and reaction conditions 1) . HDS catalysts are based on CoMo/ Al2O3 or NiMo/Al2O3 with various modifications, such as use of tungsten instead of molybdenum 2) 9) , additives such as silica 10) 15) , phosphorus 16) 24) , boria 13 ),22), 25) 28) , fluorine 29) 35) , zeolite related materials 36) 42) , titania 13 ),43) 51) and others, and optimized preparation method and physicochemical properties s u c h a s s h a p e , p o r e s i z e d i s t r i b u t i o n , a n d others 15 . Strangely enough, the origin of HDS catalysts is rarely described. One reason might be that HDS catalyst technologies have generally been developed by industrial concerns and the history of development may depend on commercial secrets. However, the origin of HDS catalysts is interesting for all HDS catalyst researchers. The origin lies in experimental investigations at the beginning of the 20th century 78) , 79) . In particular, studies on the hydrogenation of coal and heavy oil under high pressure by Friedrich Bergius and Carl Bosch in Germany during the 1910's are important 80) 83) . These investi-gations revealed that some metal oxides or sulfides can hydrogenate sulfur-containing compounds and remove sulfur as a form of H2S under high-pressure hydrogen. This catalyst technology was adopted and further developed by I. G. Farben, a German chemical company, and results were filed as patents after 1921 84) 89) . For example, bulk molybdenum sulfide and cobalt oxide were reported to be effective catalysts. Notably, the synergic effect between cobalt and molybdenum was already described in these patents. Later, this catalyst technology was adopted by major American oil companies such as Standard Oil New Jersey (now Exxon Mobil) and was finally established as the familiar conventional HDS catalyst.
Scientific investigations on HDS catalyst continued in the early 1930's. HDS of shell oil over bulk CoS and MoS2 was reported in 1933 90) . Thiophene HDS over bulk MoS2, CoS and Co3O4 was also reported in 1933 91) . Steady sulfide state is very important to increase the number of active sites. However, the presulfiding procedure had not become common at that time. Many materials were studied as support to obtain higher dispersion of molybdenum such as pumice, charcoal, clay minerals, brick, diatomaceous earth, bauxite, fuller's earth, SiO2, MgO, Al2O3 and others 62) . Finally, thiophene HDS over the prototype of conventional Co _ Mo/Al2O3 and NiMo/Al2O3 was described in 1943 92) . The continued efforts of many researchers in industrial and academic fields have increased the activity level of HDS catalyst by more than ten times in the past five decades 93) . HDS was initially intended to reduce process corrosion, eliminate the sour odor called skunk juice, or to improve the efficiency of tetra-alkyl lead used as an octane number booster for the gasoline fraction. However, a new use of HDS was recognized in the 1960's, as public awareness of serious human health problems due to sulfur in petroleum was increased. The rapidly increasing consumption of petroleum based on postwar rehabilitation and high economic growth in Japan significantly increased the number of patients with bronchial asthma and chronic bronchitis around industrial areas. Research revealed that SOx from petroleum was the most important cause. Therefore, Japanese refineries introduced residue HDS units or vacuum gas oil HDS units to satisfy the regulations which restricted sulfur content in most fuel oils to below 0.5 %. The beneficial effect of sulfur reduction in fuel oil is quite clear, because the number of patients drastically decreased with the reduced SOx concentrat i o n i n t h e a t m o s p h e r e a s s h ow n i n F i g . 1 94) . Consequently, modern HDS catalysts have allowed more effective crude oil processing and higher economic growth without higher atmospheric concentration of SOx in Japan.
2. Need for Regeneration of Residue HDS
Catalyst Human activity generates large amounts of various types of waste resulting in increasing and cumulative effects on the global environment. Therefore, many enterprises are trying to achieve zero emissions of waste through modification of manufacturing processes. The petroleum industries are also making great efforts to reduce emissions of wastes and to build environmentally friendly refineries. HDS catalyst is essential to support our modern petroleum-based society, and residue HDS catalyst is one of the most important types of waste from refineries, as large volumes of this catalyst are exchanged every year due to the high deactivation rate. Therefore, regeneration and reuse of residue HDS catalyst would significantly reduce waste from refineries. However, residue HDS catalyst is rarely regenerated, whereas HDS catalysts for distillate fractions such as light gas oil and kerosene are commonly regenerated. Residue HDS catalyst is very difficult to stably regenerate due to insufficient recovery of activity and decreased catalyst strength 95) 102) . Insufficient recovery of catalytic activity shortens the catalyst life and decreased catalyst strength results in catalyst breakage during reloading into the reactor.
This review summarizes the technology of residue HDS regeneration and compares regeneration of distillate HDS catalyst and residue HDS catalyst.
Basic Chemistry of Catalyst Regeneration

1. Category of HDS Regeneration
Regeneration of HDS catalysts is classified into onsite regeneration and off-site regeneration (Fig. 2) . In on-site regeneration, the catalyst is regenerated inside the reactor without removal using existing process equipment. In off-site regeneration, the catalyst is regenerated outside the reactor after removal using spe- ) cial regeneration equipment. Recently, off-site regeneration has become common because of several advantages for refineries as follows: -better activity recovery with precise temperature control, -reduced fines and scales which cause maldistribution and pressure drop during the hydrotreating reaction, -separation of unregenerable catalyst as well as unsuccessfully regenerated catalyst, -reduced risk of reactor damage due to unsuitable heat control, -shorter shut down maintenance period. Furthermore, off-site regeneration can be classified i n t o o x i d a t ive r eg e n e r a t i o n a n d r e j u ve n a t i o n . Oxidative regeneration is intended to remove only coke from the active sites by combustion. In some cases, postoxidative regeneration treatment is incorporated to obtain further recovery of active metal dispersion with various organic agents such as citric acid, tartaric acid, oxalic acid, malonic acid, butanediolglycolic aldehyde, acetaldol, various glycols, etc. 103) . On the other hand, rejuvenation is intended to achieve complete regeneration into the original structure by removing both coke and contaminant metals such as vanadium and nickel with chemical reagents. Therefore, the main target of rejuvenation is residue HDS catalysts. However, extraction of only contaminant metals but selectively retaining active molybdenum is very difficult. Therefore, rejuvenation is still at the stage of research and development. This review mainly discusses oxidative regeneration.
Differences between Residue and Distillate
HDS Catalyst Regeneration Table 1 shows the relationships between target feed, reaction conditions, and resultant used catalyst properties. The residue HDS process must remove not only sulfur but also contaminant metals such as vanadium and nickel from the feedstock, so requires several specific catalysts such as hydrodemetallization (HDM), HDS and intermediate state catalysts. On the other hand, the distillate HDS process normally requires only a single HDS catalyst. Residue HDS requires severer reaction conditions to achieve the same HDS rate as distillate HDS catalysts, so that lower LHSV and higher catalyst loading result in shorter operation period which means higher catalyst cost. HDS of distillate fractions such as naphtha and light gas oil need milder reaction conditions, so used catalysts contain low amounts of coke. In contrast, used residue HDS catalyst contain relatively higher amounts of coke. Furthermore, the coke burning temperature of residue HDS catalyst is also higher than that of distillate HDS catalysts. In addition, residue HDS catalysts accumulate vanadium and nickel which are not observed in distillate HDS catalysts. These differences lead to technical problems such as insufficient recovery of activity and decrease of catalyst strength. In fact, less residue HDS catalyst is regenerated and most used catalyst goes to metal recovery, whereas more than half of distillate HDS catalysts are commonly regenerated as shown in Fig. 3 104) . 102) Deactivation mechanisms occurring during the hydrotreating reaction have been extensively studied by , but deactivation mechanisms during regeneration are less well known, especially for residue HDS catalyst. Reuse of residue HDS catalyst requires precise understanding of the regeneration behavior. The oxidative regeneration mechanism of hydrotreating catalyst was previously reviewed by Frimsky 109), 110) . Coke and contaminant metals (Ni, V and Fe) accumulate on residue catalyst during the hydrotreating reaction. Normally, such metals are present as sulfides, as are active metals such as MoS2 and Co9S8. For example, vanadium is considered to accumulate as V3S4 111) . These metal sulfides and coke are oxidized by the regeneration process.
3. Chemistry of Residue HDS Catalyst
The oxidative regeneration reaction consists of the following equations 95 ), 112) . C O2 CO2
(1)
where Horg refers to the hydrogen contained in the coke, and M refers to metals on the catalyst such as Co, Ni, Mo, W, V and Fe. During oxidative regeneration, the states of the coke, active metals, accumulated metals, and support change significantly 96) 99), 112) . A c t iv e m e t a l s p e c i e s f o r m β -N i M o O4, M o O3, Al2(MoO4)3, FeMoO4 and NiAl2O4 depending on the regeneration condition and nature of the catalyst. Alumina support may also transform from γ-Al2O3 to δ-Al2O3 or α-Al2O3 due to the exothermal reaction of coke combustion 98) . Accumulated vanadium sulfide on catalyst also transforms to V2O5 by oxidation 98) . Regeneration temperatures which are too high will not completely restore the activity due to sintering of the active metals, even if the specific surface area is restored to that of fresh catalyst 95) . Vanadium accumulation may prevent restoration of activity due to blocking of the pore structure and active sites 113) , and vanadium may also prevent redispersion of the active metals 96) . On the other hand, regeneration under certain conditions leads to even higher HDS activity compared to fresh catalyst because of the greater dispersion of the active metal 114), 115) . Therefore, the chemistry of HDS catalyst regeneration is not yet well understood. In particular, the effect of vanadium accumulation on the regeneration of residue HDS catalyst has not been clarified.
Commercial Regeneration Process
Several companies worldwide such as EUROCAT, TRICAT, POROCEL, Nippon Ketjen and RASA (previous NCRI) provide commercial regeneration services with proprietary regeneration processes intended for regenerating distillate HDS catalysts and residue HDS catalysts. For example, Fig. 4 shows the schematic commercial regeneration process of RASA which adopts a specific belt conveyor system. The catalyst is loaded on the slowly moving belt as a shallow bed. The regeneration process mainly consists of a stripping step and main regeneration step. In the first step, process oil absorbed on the catalyst is stripped by heating under the no oxygen condition. This step is very important to prevent undesirable exothermal reaction during the following main regeneration step. Then, catalyst without process oil is carefully regenerated under suitably controlled temperature and oxygen conditions. During the operation, catalyst properties are checked occasionally and the results are fed back to adjust the optimum regeneration conditions. The final regenerated catalyst is screened into desired sizes and packed in a flexible container bag. 
Structural Description of Regenerated Residue HDS Catalyst
102)
Typical properties of the catalysts for regeneration depend on the histories during commercial operation as shown in Table 2 . The catalysts are obtained from different parts of the reactor. In general, catalyst loaded at the upper part of reactor shows higher accumulation of vanadium and nickel. Such catalysts can be regenerated in the laboratory under steady temperature conditions from 573 K in dry air to eliminate deposited carbon and sulfur. The total amount of vanadium and nickel accumulation based on fresh catalyst during the hydrotreating reaction is defined as Metal on Catalyst (MOC). Catalyst with higher MOC tends to show higher sulfur content and lower surface area 116) 118) . This is not due to incomplete regeneration, because the coke on the catalyst was reduced to an adequately low level. Figure 5 shows the effect of MOC on the structure of the regenerated catalyst measured by X-ray diffraction (XRD) 102) . The fresh catalyst showed only broad peaks belonging to the γ-alumina support, and no peaks for nickel or molybdenum compounds. However, the regenerated catalysts with different MOC showed peaks assigned to NiMoO4, which indicates the presence of aggregated nickel and molybdenum components. The peak intensities of NiMoO4 increased with higher MOC. Aggregation of active metal species may occur during the hydrotreatment reaction and/or during the regeneration procedure 119) . However, the regeneration procedure might be the main contributor to the aggregation of active metals, since aggregation of Ni and Mo sulfides was not obvious in the used catalyst as shown in Fig. 8 .
Other peaks for Al2(SO4)3 were observed above 2.5 wt% of MOC and increased with higher MOC. This observation well agrees with the finding that sulfur on the regenerated catalyst increased with higher MOC. Since catalyst strength decreases with MOC, this loss of strength may be related to the transformation of alumina into Al2(SO4)3 during the regeneration procedure. Figure 6 shows the electron probe micro analysis (EPMA) line analysis of aluminum, molybdenum, nickel, vanadium and sulfur for the regenerated catalyst. Nickel, molybdenum and aluminum had almost uniform distributions over the regenerated catalyst as well as the original fresh catalyst.
In contrast, the distributions of sulfur (Al2(SO4)3) and vanadium were quite similar and were located around the exterior of the catalyst particles. The sulfur might originate from metal sulfides such as MoS2 and V3S4. However, if the sulfur in metal sulfides reacts with alumina directly, Al2(SO4)3 could form anywhere over the catalyst as metal sulfides are present all over the catalyst particles. One possibility is that SOx from metal sulfides is catalytically transformed into H2SO4 by vanadium, which is well known to be an active oxidation catalyst. Then, the H2SO4 subsequently reacts with alumina so that the location of sulfur is associated with the location of vanadium. The reaction can be described by Eqs. (3), (4) and the following equations.
SO3 H2O H2SO4
3H2SO4 Al2O3 Al2(SO4)3 3H2O
This type of Al2(SO4)3 formation might be unique to the regeneration of residue HDS catalyst, as such a phenomenon has rarely been observed in distillate HDS catalyst regeneration. Figure 7 shows the carbon, sulfur and nitrogen contents of HDS catalysts regenerated at different temperatures. The compositions show drastic changes depending on the calcined temperature. These components started to decrease above 573 K and almost disappeared at 673 K. Figure 8 shows the XRD patterns of the residue HDS catalysts regenerated at different temperatures, as well as the fresh and used catalysts. The fresh catalyst and used catalysts mainly showed only few broad peaks assigned to the γ-alumina support. No evidence of NiMoO4 formation, indicating the aggregation of nickel and molybdenum components, was observed in these catalysts. The regenerated catalysts showed no distinct differences up to 623 K. However, the catalyst regenerated at 723 K showed clear formation of NiMoO4. Therefore, the aggregation of Ni and Mo should be related to higher temperature 121) . To confirm the above discussion more theoretically, the effect of coke burning on catalyst temperature was calculated. Oxidative regeneration can be described by the following equations. C 1/2O2 CO 394 kJ (7) H2 1/2O2 H2Og 243 kJ (8) If the H/C molar ratio of coke on the catalyst is 0.8 and the specific heat of alumina-based catalyst is 1.1 kJ/ kg K, the 1 wt% of coke burning in adiabatic reaction will increase the temperature of the catalyst by about 40 K. Therefore, rapid coke burning and heat release restriction could accelerate the aggregation of nickel and molybdenum. Figure 9 shows the thiophene HDS activity for catalysts regenerated at different temperatures. The activity increased with higher regenerated temperature up to 673 K due to coke elimination, and then started to decrease above 723 K. This temperature corresponds well to the aggregation of active metals as shown in Fig. 8. Figure 10 shows the relationship between MOC and HDS activity for the fresh and regenerated residue HDS catalysts. The HDS activity gradually decreased with MOC. Based on the Arrhenius plot, regenerated catalysts have almost the same activation energy as fresh catalyst (ca. 25,000 cal/mol), with no significant change associated with higher MOC. Figure 11 shows the relationship between MOC and hydrodenitrogenation (HDN) activity. HDN activity also decreased with higher MOC. Similarly, regenerated catalysts had almost same activation energy as fresh catalyst (ca. 18,000 cal/mol), with no significant change associated with higher MOC. hydrodenickelation (HDNi) activities, respectively. In contrast to the HDS and HDN findings, the HDV and HDNi activities may increase with higher MOC (activation energy: ca. 13,000 cal/mol). This result suggests that the accumulated vanadium sulfide forms new active HDM sites, and may enhance the scission of the V _ C bond in heavier molecular fractions and trap more vanadium from the feed. Vanadium accumulation on regenerated catalyst has been also reported to increase the selectivity of HDM 122) . Figure 14 similarly shows that the hydrodeasphaltene (HDAs) activity increased with higher MOC, similarly to the HDV and HDNi activities (activation energy: ca. 17,000 cal/mol).
E f f e c t o f R e g e n e r a t i o n Te m p e r a t u re o n Properties of Residue HDS Catalyst
120)
A c t i v i t y o f R e g e n e r a t e d R e s i d u e H D S Catalyst
102)
Since the formation of aggregated NiMoO4 increases with higher MOC, deactivation of HDS, HDN and hydrodemicrocarbon residue (HDMCR) should be mainly attributed to the decreased number of active sites. The HDS reaction pathway may not change with higher MOC as the activation energy does not obviously change between the fresh and regenerated catalysts as described above. The effect of nickel accumulation is rather difficult to estimate, but might act as a poison for the HDS reaction, as the nickel content of fresh HDS catalyst is already optimized and excess nickel loading on the catalyst tends to decrease HDS activity.
Effect of Vanadium on Residue HDS Catalyst
As described above, vanadium affects the active metal dispersion and catalyst strength of residue HDS catalyst. To quantitatively investigate the effect of vanadium on NiMoO4 aggregation, Micro-XRD patterns throughout the section of catalyst particles were measured (Catalyst with MOC: 2.8 wt% and regenerated temperature: 723 K was used.). Micro-XRD can provide precise information on the structural change through a specific catalyst particle from outside to inside, whereas conventional XRD measurement provides only the average structure of the catalyst 123) . The amount of NiMoO4 over the catalyst particle was plotted using the intensity ratio of NiMoO4 peak/Al2O3 peak in Fig. 15 . The findings clearly indicated that the formation of NiMoO4 linearly increased towards the center of the catalyst particle. Vanadium was mainly located on the outside of the catalyst, so the amount of NiMoO4 formation was not correlated with the location of vanadium. This result seems not agree with the above findings that the formation of NiMoO4 is correlated with the vanadium content. However, vanadium may affect NiMoO4 formation indirectly in the following ways.
(1) Vanadium may not directly affect the aggregation of nickel and molybdenum through certain chemical interaction.
In fact, formation of NiMoO4 is also observed on regenerated distillate HDS catalyst which contains no vanadium 115) . This observation may indicate that vanadium is indirectly involved in NiMoO4 formation.
(2) Vanadium acts as an oxidation catalyst to accelerate coke burning, resulting in increased temperature inside the catalyst particle. . Therefore, coke burning is easier and leads to increased temperature inside the catalyst particle. (4) Pore mouth plugging by vanadium prevents heat release from inside the catalyst. Figure 16 shows the schematic mechanism of resi- Coke accumulation might also affect the regeneration behavior and resulting catalytic activity. Figure 17 shows the schematic image of expected regeneration conditions associated with regeneration temperature. If the temperature is too low, coke cannot be eliminated. However, if the temperature is too high, active site aggregation occurs. Therefore, careful control of coke combustion to prevent increases in catalyst temperature is very important to achieve maximum recovery of activity. This precaution can also help to prevent the formation of Al2(SO4)3 which leads to reduced catalyst strength. In summary, residue HDS catalysts can be regenerated even in the presence of vanadium by controlling the regeneration conditions and properties of the used catalyst. Removal of vanadium is not essential to regenerate residue HDS catalyst.
Estimation of Lifetime for Regenerated Residue HDS Catalyst
130)
Estimation of the lifetime of regenerated residue HDS catalyst is very important to achieve steady operation in commercial processes. If the exact lifetime of regenerated catalyst is not clear, operators cannot have c onfi dence in u si ng the r egener at ed catalysts. Figure 18 shows the relationship between MOC and HDS activity. HDS catalyst deactivates in three steps 105) 107) . At the initial stage of reaction, the catalyst is deactivated due to coke deposition inside the catalyst pore, and in the middle stage of reaction, the catalyst is deactivated slowly due to metal deposition and hard coke transformation. In the final stage, the catalyst is deactivated rapidly again due to pore mouth plugging by metal deposition. The limited MOC of each catalyst at which pore mouth plugging occurs is defined as the Metal Capacity (MC). Regenerated catalyst lifetime might also depend on the MC. To explain in more detail, the state of the catalyst during the hydrotreating reaction using fresh and regenerated catalyst is summarized in Fig. 19 . During first commercial operation using fresh catalyst, the activity decreased gradually by coke and metal deposition to the level of minimum activity required for commercial operation ( Fig. 20(a) ). Regeneration then restores the activity to a certain level by eliminating the coke in the catalyst pores, but the metal plugging the pore mouth remains (Fig. 20(b) ). During second commercial operation using the regenerated catalyst, the activity is decreased again by coke and further metal deposition (Fig. 20(c) ). In principle, only the catalyst without fully plugged pore mouths can be used as regenerated catalyst. If total metal accumulation on the fresh catalyst (actual) and regenerated catalyst (prediction) is below the MC (Fig. 19(a) ), the regenerated catalyst can be used for commercial operation as the activity will not decrease rapidly due to pore mouth plugging during the operation. However, if the total estimated MOC is above the MC, such regenerated catalyst cannot be used for further commercial operation ( Fig. 19(b) ). Therefore, it is very important to understand the MC, which can be estimated both from the pore plugging simulation and from long term pilot test.
Improvement of Residue HDS Catalyst Suitable for Regeneration
131) 134)
Present regeneration technology cannot regenerate all residue HDS catalysts. MOC tends to be higher at the upper part of the reactor and gradually decreases in the lower part. Therefore, catalyst from the upper part is The main technological problems of regeneration for upper part catalyst depend on the catalyst strength based on abrasion rather than activity recovery. To increase the available amount of regenerated catalyst, improvements to prevent decreasing catalyst strength during regeneration were investigated. As described above, reduced catalyst strength is related to the formation of Al2(SO4)2 due to reaction between H2SO4 and the alumina support. Therefore, it is effective to trap H2SO4 before interaction with the alumina support. Alkali earth is an effective additive for this purpose. Chemical analysis and XRD measurement have proved that the addition of magnesium increases sulfur on catalyst, decreases the formation of H2SO4 and increases the strength of catalyst as shown in Fig. 20 . This improved catalyst was loaded in a commercial residue HDS unit and used for one year. The regenerated catalyst could be reused in the commercial unit again without problems.
Conclusion
Regeneration of residue HDS catalyst is more difficult than that of distillate HDS catalyst due to the accumulation of vanadium species on the catalyst during hydrotreating, which leads to the formation of NiMoO4 and Al2(SO4)3 during regeneration. NiMoO4 decreases the number of active sites and Al2(SO4)3 decreases catalyst strength. Therefore, HDS, HDN, and HDMCR activities and catalyst strength decrease gradually with higher MOC. On the other hand, the HDM and HDAs activities of regenerated residue HDS catalyst increased with greater metal accumulation. Vanadium may not chemically affect the active metal states, but the oxidation activity of vanadium accelerates coke burning and increasing temperature leads to aggregation of active metals. Milder regeneration conditions such as lower temperature and slower regeneration may prevent both reduced activities and lower catalyst strength. The addition of alkali earth metal to the catalyst in order to trap H2SO4 can prevent the formation of Al2(SO4)3 and help maintain catalyst strength. Such an effective technological counter measurement could help improve the regeneration of residue HDS catalysts.
